The hepatitis C virus (HCV) treatment landscape has rapidly changed over the past 5 years. The development of direct-acting antiviral (DAA) agents that specifically target various steps in the HCV lifecycle has revolutionized therapeutic options for patients with HCV, with the development of highly effective and well-tolerated oral interferon-free regimens. There are many DAAs that are currently in development or have recently been approved, which target different nonstructural HCV proteins and host targets that are essential for HCV replication. This review will focus on the different classes of DAAs and the various combinations that are in advanced development for the treatment of chronic HCV infection and will focus on the different regimens in specific patient populations.
Introduction
Infection with the hepatitis C virus (HCV) remains a significant global health issue. 1 With the aging HCV population, there is a growing burden of complications of chronic HCV infection (CHC), including cirrhosis, decompensated liver disease, and hepatocellular carcinoma. These complications are expected to triple over the next 15 years. 2, 3 However, CHC is curable, and viral eradication is associated with improved patient survival and reduced complications of CHC. 4 For the past decade, the only therapy for HCV has been pegylated-interferon combined with ribavirin (PR). Unfortunately, this therapy is limited by the significant toxicity and suboptimal response rates (overall response rates 54%-56%). [5] [6] [7] Furthermore, not all patients are eligible for PR therapy. Thus, there has been a desperate need for more efficacious and better-tolerated treatments for HCV.
The development of a cell culture system for HCV and subsequent detailed characterization of the HCV lifecycle have allowed the development of new therapies that directly target steps in the HCV replication cycle, so called direct-acting antivirals (DAAs). 8, 9 The development of these DAAs has rapidly evolved over the past 5 years and has radically changed the HCV treatment paradigm to allow interferon-free regimens, of which several are now approved and available in clinical practice in many countries. the cytoplasm. Translation into a single large polyprotein occurs in the endoplasmic reticulum, which is cleaved by viral and host proteases into ten mature HCV proteins, including structural proteins (HCV core protein and envelope proteins E1 and E2) and nonstructural proteins (P7, NS2, NS4A, NS4B, NS5A, and NS5B). These viral and host proteins form a membrane-bound replication complex and transcription takes place, which is dependent upon the RNA-dependent RNA polymerase (NS5B polymerase), with the positivestrand RNA serving as the template for transcription. Mature virions are formed, leading to virion budding and release. Each step of the HCV lifecycle could be a potential target for DAAs (Figure 1) .
The NS3/4A protease, NS5A protein, and NS5B polymerase are key enzymes in the HCV replication cycle. Posttranslational cleavage of the polyprotein is dependent on the NS3 protease. The NS5B polymerase is required for viral replication. The NS5A protein plays a necessary role in viral replication and assembly. Inhibition of these enzymes are attractive targets for anti-HCV therapy and are currently the most advanced agent in development (Table 1) .
Direct-acting antiviral agents
The ideal DAA has a high barrier to resistance, pangenotypic activity, picomolar potency, few drug-drug interactions (DDIs), minimal toxicity, and a pharmacokinetic profile that allows once daily dosing. The genetic barrier to resistance is the number of amino acid substitutions required to confer resistance to a DAA. DAAs with a low barrier to resistance only require 1-2 substitutions in order to render the drug ineffective, whereas a DAA with a high genetic barrier to resistance requires $3 substitutions, and hence drugs with a high barrier to resistance are preferred as the backbone of many interferon (IFN)-free DAA combinations. In addition, the replication fitness of resistance-associated variants (RAVs) needs to be considered, as RAVs with poor replication fitness may not emerge to be dominant under DAA selection pressure (eg, S282T RAV with sofosbuvir [SOF]), whereas 
NS3/4A protease inhibitors
NS3/4A protease inhibitors (PIs) block the catalytic site of the NS3/4A protease, resulting in failure of polyprotein cleaving and processing. The first DAAs to be developed and licensed for the treatment of HCV genotype 1 (HCV-1) were the NS3/4A PIs, telaprevir, and boceprevir. While offering a significant improvement in sustained virological response rates (SVRs) for HCV-1, these agents require combination with PR and had significant additional toxicity to PR, a large daily pill burden, and significant DDIs. Simeprevir (SMV), a second-wave first-generation NS3/4A PI with a more favorable pharmacokinetic profile allowing once daily dosing, with less additional toxicity on top of PR therapy and improved genotype coverage, has since been developed and has largely replaced telaprevir and boceprevir. Second-generation NS3/4A PIs are currently in development that offer the advantages of higher potency and improved adverse event (AE) profiles, while still allowing daily dosing. Furthermore, the second-generation PIs have an even wider activity against other genotypes and also have activity against RAVs that confer resistance to telaprevir and boceprevir.
NS5B polymerase inhibitors
The NS5B polymerase is highly conserved across all HCV genotypes, and thus is an ideal target for DAA development. NS5B polymerase inhibitors are divided into two types: nucleos(t)ide NS5B inhibitors and nonnucleos(t)ide NS5B inhibitors.
Nucleos(t)ide NS5B inhibitors
Nucleos(t)ide analogs of the NS5B polymerase act as chain terminators within the catalytic site of the NS5B polymerase (nucleotide inhibitors [NIs] ). These agents provide a high genetic barrier to resistance, have pangenotypic activity (as the NSB5 polymerase is highly conserved), high potency, and limited DDIs, and offer daily dosing. SOF is the only NI that has reached the market to date. The development of a number 
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Holmes and Thompson of NIs has been terminated due to toxicity; however, a number of promising NIs are currently in Phase II/III development.
Nonnucleos(t)ide NS5B inhibitors
These agents bind to different allosteric sites of the NS5B polymerase, which result in conformational changes, rendering the polymerase ineffective. These domains are highly variable between genotypes, and hence these agents only have activity against HCV-1. This class of agents also has a low barrier to resistance.
NS5A inhibitors
The NS5A protein has multiple functions and is important in viral replication and assembly. Inhibitors of the NS5A protein have been shown to be potent antivirals, although the exact mechanism by which these agents interact with the NS5A protein and inhibit HCV replication remains unclear. Three NS5A inhibitors have now been licensed for HCV-1, including daclatasvir (DCV), ledipasvir (LDV), and ombitasvir (OBV). DCV has broader genotypic activity and is the only NS5A inhibitor licensed for genotype 3 HCV (HCV-3). Secondgeneration NS5A inhibitors are in development, which have broader genotypic activity, increased antiviral efficacy, and an improved genetic barrier to resistance.
Host-targeting agents
HCV interacts with a number of host cellular proteins and RNAs that promote viral replication. Host targets for drug development include cyclophilin A (alisporivir [11] [12] [13] ) and miR122 (miravirsen 14 ). Novel immunomodulators, including toll-like receptor agonists, have also entered the early phase of clinical development. However, the clinical role of these agents in the context of the highly effective, well-tolerated DAA regimens that have recently been licensed is not clear, and they will not be discussed further.
HCV genotype 1: approved interferon-free combinations Sofosbuvir + ledipasvir
The combination of SOF (NI) and LDV (NS5A inhibitor) has been licensed for treatment-naïve and treatment-experienced patients with HCV-1 (Tables 2 and 3 ). These DAAs are coformulated as a fixed dose combination tablet administered once daily.
Treatment-naïve HCv-1 patients with and without cirrhosis: SvR12 =93%-100% ION1 15 and ION3 16 examined SOF + LDV in treatmentnaïve patients. Patients with ION1 received SOF + LDV ± ribavirin (RBV) for 12 weeks or 24 weeks. 15 Sixteen percent of patients with compensated cirrhosis were included. The overall SVR12 was 97%-99% for the SOF + LDV ± RBV 12-week arms and 98%-99% for the SOF + LDV ± RBV 24-week arms. These data suggest that 12 weeks is sufficient for treatment-naïve patients, and that RBV is not required for this regimen. Traditional factors associated with PR treatment failure did not affect SVR12 rates. Treatment was well tolerated, and serious AEs were infrequent. The most common AEs were fatigue, headache, insomnia, and nausea (.10% for each) and were more common in the RBV arms. Anemia was seen exclusively in patients receiving RBV. Virological breakthrough was observed in one patient, and this was attributed to nonadherence, as drug levels of LDV and the active metabolite were undetectable. ION3 was a noninferiority study comparing SOF + LDV ± RBV for 8 weeks to SOF + LDV for 12 weeks. 16 Treatment-naïve patients without cirrhosis were included. Overall SVR12 was 94% in the SOF + LDV 8-week arm, 93% in the SOF + LDV + RBV 8-week arm, and 95% in the SOF + LDV 12-week arm. When stratified by fibrosis stage, HCV-1 subtype and IL28B genotype, there was no difference in SVR12. High pretreatment viral load has been previously associated with lower SVR rates with PR. When patients were stratified according to baseline HCV RNA level, patients with a lower baseline viral load (,6 million IU/mL) had similar SVR12 rates irrespective of duration of therapy (SVR12 97% for 8-weeks SOF + LDV ± RBV vs SVR12 96% for 12-weeks SOF + LDV). However, in those with a baseline HCV RNA $6 million IU/mL, relapse rates were significantly higher in the 8-week arm compared to the 12-week arm (10% vs 1% for HCV RNA IU/mL ,6 million IU/mL and $6 million IU/mL in the 8-week arm vs 1% for the 12-week arm irrespective of baseline viral load). 17 These data suggest that 8 weeks of therapy is sufficient in noncirrhotic HCV-1 treatment-naïve patients, with a baseline HCV RNA level of ,6 million IU/mL; however, patients with higher baseline HCV RNA levels benefit from extending therapy to 12 weeks, which has important economic implications with these expensive regimens. AEs were similar to the ION1 study. The S282T RAV, which confers resistance to SOF, was not detected in patients who failed therapy in the ION1 or ION3 studies; however, treatment-emergent NS5A RAVs were detected in the majority at the time of failure.
Treatment-experienced patients with HCv-1 with and without cirrhosis, including prior protease inhibitor failure: SvR12 =94%-99% 
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Holmes and Thompson first-generation PI (telaprevir or boceprevir) failure. 18, 19 Patients were randomized to receive SOF + LDV ± RBV for 12 weeks or SOF + LDV ± RBV for 24 weeks. Patients with compensated cirrhosis (20%) were included. The majority carried the poor-responder IL28B genotype and the HCV-1a subtype, and 46%-61% had previously failed PIs. Overall SVR12 rates were similar to treatment-naïve populations with an SVR12 of 94%-96% for the SOF + LDV ± RBV 12-week groups and 99% for the SOF + LDV ± RBV 24-week groups. SVR12 rates were similar in patients who had failed PR (93%-100%) and those who failed PR + PI (94%-100%). However, SVR12 rates were significantly lower in cirrhotics treated for 12 weeks (82%-86%) compared to 100% for the 24-week arms. The S282T RAV was not detected at treatment failure, but treatment-emergent NS5A RAVs were again detected in the majority. These data demonstrate that LDV + SOF is highly effective in patients with HCV-1, including prior treatment failure with first-generation PIs; however, 24 weeks of therapy is likely required for cirrhotic treatment-experienced patients.
In a post hoc analysis of the Phases II and III programs of all patients with HCV-1 with compensated cirrhosis (treatment naïve and treatment experienced) and receiving SOF + LDV ± RBV, overall SVR12 rates were 96%, with SVR12 rates of 95% in patients receiving 12-week regimens and 98% for 24-week regimens. However, when the analysis was limited to treatment-experienced patients with compensated cirrhosis, SVR12 rates were lower in patients who received SOF + LDV without RBV for 12 weeks (SVR12 90%). The addition of RBV to the 12-week SOF + LDV regimen increased SVR12 rates to 96%, which was identical to the SVR12 rates in patients receiving 24-weeks of SOF + LDV dual therapy. These data suggest that SOF + LDV dual therapy for 12 weeks is insufficient in treatment-experienced cirrhotic patients, and that these patients benefit either from the addition of RBV to the 12-week regimen or by the extension of therapy to 24 weeks to improve SVR12 rates, which yielded similar but equivalent SVR12 rates. This has economic implications in clinical practice, as the addition of RBV to the 12-week regimen is likely to significantly reduce the cost of therapy compared to the cost of 24 weeks of SOF + LDV.
Sofosbuvir + daclatasvir
DCV is a first-in-class pangenotypic NS5A inhibitor that has been approved in Europe and Japan. DCV has recently been licensed in the US, with the label indication for HCV-3 only. There are limited small Phase II/III studies on this combination; the majority in patients with HCV-2/3 where Treatment-naïve HCv-1 patients with and without cirrhosis: SvR12 =95%-100%
The AI444040 study investigated SOF + DCV ± RBV for 24 weeks RBV in treatment-naïve patients with HCV-1 and HCV-2/3. 20 The study was later expanded to include a larger cohort of treatment-naïve patients, prior first-generation PI failure, and SOF + DCV ± RBV 12-week arms were added. Treatment-naïve patients with HCV-1 were randomized to SOF + DCV ± RBV for 12 weeks or 24 weeks. The study population included patients with significant fibrosis (7%-15% compensated cirrhosis), and the majority were infected with HCV-1a. SVR12 rates were 100% for the 24-week arms and 95%-100% for the 12-week arms. The regimen was very well tolerated with the majority of AEs graded mild in severity. The most common AEs were headache (16%-38%), fatigue (29%-50%), and nausea (16%-32%) and were more common in the RBV-containing arms.
Treatment-experienced patients with HCv-1 with and without cirrhosis, including prior protease inhibitor failure: SvR12 =95%-100%
The AI444040 study also included patients with HCV-1 who had previously failed telaprevir or boceprevir plus PR. 20 The patients received SOF + DCV ± RBV for 24 weeks. The majority had the poor-responder IL28B genotype (95%), and 14%-30% had compensated cirrhosis. The SVR12 rates were 100% for the 24-week SOF + DCV arm and 95% (19/20) for the SOF + DCV + RBV arm. The AE profile was very similar to that observed in treatment-naïve patients.
Sofosbuvir + simeprevir SOF and SMV were the first DAAs licensed separately in North America based on data demonstrating efficacy as triple therapy with PR. The COSMOS study, 21 a small Phase II study, subsequently showed that the combination of SOF + SMV was highly effective. This off-label combination was the first IFNfree treatment regimen widely prescribed for HCV-1 in North America. Phase III programs have subsequently confirmed efficacy, and now the combination has a label.
Treatment-naïve and treatment-experienced patients with HCV-1 without significant fibrosis: SvR12 =87%-97%
OPTIMIST-1 22 and OPTIMIST-2 23 evaluated the efficacy of SOF + SMV ± RBV in treatment-naïve and treatment-experienced patients. OPTIMIST-1 enrolled patients with mild-moderate liver fibrosis (METAVIR F0-2 24 ), whereas OPTIMIST-2 only included patients with advanced fibrosis (METAVIR F3-4). OPTIMIST-1 22 compared 8 weeks vs 12 weeks of SOF + SMV in treatment-naïve and treatment-experienced patients with noncirrhotic HCV-1. The majority carried the poor-responder IL28B genotype and were HCV-1a. The SVR12 for the 8-week group was significantly lower than the 12-week group (83% vs 97%), particularly in treatment-experienced patients, where the SVR12 was 77%. In the 12-week arm, there was no difference in SVR according to HCV-1 subtype or IL28B genotype. SOF + SMV was well tolerated, with the majority of AEs being mild. Headache, fatigue, and nausea were most commonly reported. AEs of special interest with this regimen were a mild elevation of bilirubin (1%) not associated with transaminitis, due to the known inhibition of the organic anion-transporting polypeptide bilirubin transporter and photosensitivity/rash in 10%.
Treatment-naïve and treatment-experienced patients with significant fibrosis: SVR12 =79%-88%
In OPTIMIST-2, 23 treatment-naïve and treatment-experienced patients with advanced liver fibrosis (METAVIR F3-4) and compensated liver disease were treated with SOF + SMV for 12 weeks. Similar to OPTIMIST-1, the majority of patients carried the poor-responder IL28B genotype, had HCV-1a infection, and 49% were treatment naïve. The overall SVR12 rate was 84%. The SVR12 in treatment-naïve patients was 88% and was lower in treatment-experienced patients (79%). AEs were similar to those observed in OPTIMIST-1, with headache, fatigue, and nausea being the predominant side effects.
Paritaprevir/ritonavir, ombitasvir, dasabuvir ± RBv
The paritaprevir/ritonavir + ombitasvir + dasabuvir (3D) regimen includes 3 DAAs: paritaprevir ([PTV], a PI that requires ritonavir boosting), OBV (NS5A inhibitor), and dasabuvir (
[DSV], a nonnucleos(t)ide inhibitor [NNI]).
It is used in combination with RBV in patients with HCV-1a. The regimen is approved in the US and Europe.
Treatment-naïve HCv-1 patients without cirrhosis: SvR12 =90%-97%
The SAPPHIRE-I 25 study evaluated the efficacy of the 3D regimen for 12 weeks ± RBV in treatment-naïve patients with HCV-1a/1b without cirrhosis. This study included 473 patients, 68% with HCV-1a and 30% with the 
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interferon-free combination therapies for the treatment of hepatitis C good-responder IL28B genotype. Separate studies examined the role of RBV for patients with noncirrhotic HCV-1b and HCV-1a, respectively: PEARL-III enrolled patients with noncirrhotic HCV-1b (21% C/C IL28B genotype) and PEARL-IV enrolled patients with HCV-1a (31% C/C IL28B genotype). 26 In noncirrhotic treatment-naïve patients with HCV-1a, combined SVR12 rates from these studies were 95%-97% with the 3D + RBV 12-week regimen, but slightly lower SVR12 rates were observed without RBV (90%) ( Table 2 ). For the patients with HCV-1b, SVR12 rates were 98%-100% irrespective of whether RBV was administered (Table 2) .
Treatment-naïve HCv-1 patients with cirrhosis: SvR12 =94%-95%
The TURQUOISE-II study was a large study of cirrhotic patients. 27 In treatment-naïve compensated cirrhotics, the efficacy of the 3D + RBV regimen was compared for 12 weeks or 24 weeks (Table 2) . Very high SVR12 rates were observed in both the 3D + RBV 12-week (94%) and the 3D + RBV 24-week (95%) treatment arms. The 3D ± RBV regimen was well tolerated in treatment-naïve patients and similar AEs were reported in patients with and without cirrhosis. The most common AEs were headache (23%-28%), fatigue (21%-46%), nausea (4%-21%), pruritus (5%-12%), insomnia (3%-17%), and diarrhea (4%-16%). Anemia was observed only in patients receiving RBV.
Treatment-experienced patients with HCv-1 without cirrhosis: SvR12 =94%-100% 3D + RBV for 12 weeks was examined in noncirrhotic treatment-experienced patients without cirrhosis. In SAPPHIRE-II, 28 173 patients with HCV-1a were enrolled, and 124 patients with HCV-1b were enrolled. The majority were prior null responders (49%) and carried the poor-responder IL28B genotype. PEARL-II 29 enrolled 186 patients with HCV-1b. Prior null responders represented 35% of the study population. Combined SVR12 rates from both studies were extremely high in this difficult to treat population, with SVR12 rates of 96% for HCV-1a and 97%-100% for HCV-1b, with and without RBV. Past treatment history did not affect treatment responses, with SVR12 rates of 94%-100% in prior null responders, 96%-100% in prior partial responders, and 100% in prior relapsers (Table 3) .
Treatment-experienced patients with HCv-1 with cirrhosis: SvR12 =94%-100%
For the treatment-experienced cirrhotic patients, the 3D + RBV regimen for 12 weeks was compared to 24 weeks. 27 The study population (n=220) included 69% with HCV-1a, 89% carried the non-C/C IL28B genotype, and 62% were prior null responders to PR therapy. Overall, the SVR12 rate in patients with HCV-1a was lower in the 12-week arm compared to the 24-week arm (89% vs 94%, respectively). In contrast, SVR12 rates were similar in the 12-and 24-week arms (99% and 100%, respectively) in patients with HCV-1b. HCV-1a prior null responder cirrhotic patients benefited from the longer treatment duration (80% vs 93% for the 12-week compared to the 24-week regimens, respectively, Table 3 ). Hence, 24 weeks has been recommended in HCV-1a prior null responder patients with cirrhosis. AEs were very similar to those reported in treatment-naïve patients.
Asunaprevir + daclatasvir Asunaprevir (ASV) is a second-wave first-generation NS3/4A PI. The combination of ASV plus DCV has been licensed for the treatment of patients with HCV-1b only. This combination is less effective in patients with HCV-1a due to the low genetic barrier to resistance and high failure rate, and therefore is not recommended for the treatment of this subtype. 30 HCv-1b treatment-naïve and treatment-experienced patients with and without cirrhosis: SvR12 =81%-90%
Two Phase III studies have evaluated ASV + DCV for 24 weeks in patients with HCV-1b. The first was a study in Japanese patients with HCV-1b who were prior nonresponders or interferon intolerant/ineligible, including patients with compensated cirrhosis.
31 SVR12 rates were lower in the prior nonresponders (81%) compared to patients who were interferon intolerant/ineligible (88%). SVR12 rates were similar among patients with and without cirrhosis. The second study was a multinational study that evaluated ASV + DCV for 24 weeks in patients with HCV-1b who were treatment naïve, prior null responders, or interferon intolerant/ineligible. 32 Patients with compensated cirrhosis were included in all three groups. The overall SVR12 rates were 90% for treatment-naïve patients, 82% for prior nonresponders, and 82% for the interferon intolerant/ineligible group and were similar in patients with and without cirrhosis. Serious AEs were uncommon, and the most commonly reported AEs were headache, diarrhea, and asthenia (Tables 2 and 3 
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Holmes and Thompson NS5A inhibitor with pangenotypic activity. This combination has been evaluated in Phase III studies in treatment-naïve and treatment-experienced patients with HCV-1, HCV-4, and HCV-6 (C-EDGE), 33, 34 including prior PI failures (C-SALVAGE).
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Treatment-naïve patients with HCv-1 with and without cirrhosis: SvR12 =92%-99%
GZV + ELV for 12 weeks were evaluated in treatment-naïve patients (C-EDGE). 34 This population included 22% patients with compensated cirrhosis and 55% with HCV-1a infection. SVR12 rates were very high, with an overall SVR12 of 95%; 92% in HCV-1a and 99% in HCV-1b. IL28B genotype and fibrosis stage did not impact upon SVR12. The AE profile of this regimen was again favorable. The AEs reported were headache, fatigue, and nausea and were similar in patients with and without cirrhosis.
Treatment-experienced patients with HCv-1 with and without cirrhosis, including prior protease inhibitor failure: SvR12 =90%-100%
The C-EDGE study also enrolled prior PR treatmentexperienced patients with and without compensated cirrhosis. 34 Patients were randomized to receive GZV + ELV ± RBV for 12 weeks or 16 weeks. The majority were HCV-1a, and 35% had compensated cirrhosis. Overall SVR12 rates were universally high (92%-97%), but were slightly lower in patients with HCV-1a (90%-93% for the 12-week arms and 94%-95% for the 16-week arms) compared to patients with HCV-1b (97%-100% for the 12-week arms and 96%-100% for the 16-week arms). The SVR12 rates in cirrhotics were also lower in the 12-week arm compared to the 16-week arm (89% vs 92%-100%, respectively). Prior PR null responders achieved SVR12 rates of 91% in the 12-week arms and 94%-100% in the 16-week arms (Table 3 ). In this particular regimen, the presence of baseline NS5A RAVs in patients with HCV-1a that resulted in a $5-fold reduction in susceptibility to ELV negatively impacted on SVR12 (52%). This regimen was well tolerated with few serious AEs, and the majority of AEs comprised of fatigue, headache, and nausea.
In C-SALVAGE, 79 patients with HCV-1 with prior PI failure (null responders or intolerance) were included. 35 Patients with HCV-1a comprised 38% of the cohort, 43% had compensated cirrhosis, and 84% were prior null responders to PI-based PR therapy. Despite these difficult to treat baseline characteristics, the overall SVR12 was 96%: 96% with prior protease-inhibitor PR therapy failure and 100% in patients intolerant to PI-based PR therapy. The AE profile was identical to that observed in the C-EDGE studies (Table 3) .
This triple DAA combination of ASV + DCV combined with the NNI beclabuvir (BCV) has been examined in Phase III studies in patients with HCV-1. 36, 37 Overall SVR12 rates were 92% for treatment-naïve patients without cirrhosis, 93%-98% in treatment-naïve patients with cirrhosis, and 85%-91% in treatment-experienced patients with and without cirrhosis. Efficacy was high in patients with HCV-1b irrespective of prior treatment status and fibrosis stage. As observed in the ASV + DCV dual therapy study, SVR12 rates were noted to be suboptimal in HCV-1a compared to the patients with HCV-1b. In particular, the lowest SVR12 rates were observed in treatment-naïve HCV-1a patients with cirrhosis and a platelet count of ,100,000 cells/mm 3 , where SVR12 rates were as low as 87%, and treatment-experienced patients with HCV-1a, where SVR12 rates were 85%-86% irrespective of fibrosis stage. Addition of RBV to the regimen did improve SVR12 rates in cirrhotic patients (Tables 2 and 3) . A larger Phase III study (UNITY-4) is currently underway enrolling patients with HCV-1, with and without cirrhosis to further evaluate this regimen. The safety profile of this regimen was similar to other IFN-free combinations. Table 4 summarizes the clinical trial results for IFN-free regimens in patients with HCV-3. HCV-3, particularly treatment-experienced patients with cirrhosis, has rapidly emerged as the most difficult to treat population with IFNfree DAA combinations.
HCV genotype 3: approved interferon-free combinations

Sofosbuvir + RBv
This regimen was extremely promising in Phase II; however, in the Phase III studies, this regimen proved less effective, particularly in the cirrhotic population. The Phase III studies (FISSION, FUSION, and VALENCE) will be discussed.
Treatment-naïve patients with HCv-3 with and without cirrhosis: SvR12 =56%-95% FISSION 38 and VALENCE 39 examined the efficacy of SOF + RBV in patients with HCV-3. In FISSION, patients with HCV-3, 20% with compensated cirrhosis, were treated with SOF + RBV for 12 weeks. The SVR12 rate was disappointing at 56% and was lower than the group who received PR therapy (SVR12 63%). 38 This led to the VALENCE study, where the efficacy of longer duration of therapy was examined (24 weeks of SOF + RBV) in patients with HCV-3. The SVR12 was significantly higher with the longer treatment duration (94% in VALENCE 39 vs 56% in FISSION 38 ). When the analysis was stratified by fibrosis stage, the SVR12 rates were similarly high among treatment-naïve patients without cirrhosis (95%) and with cirrhosis (92%).
Treatment-experienced patients with HCv-3 with and without cirrhosis: SvR12 =19%-87% However, the results in treatment-experienced patients were a little more disappointing. FUSION randomized patients with HCV-3 to receive either 12 weeks or 16 weeks of SOF + RBV. 40 The 12-week arm was inferior with overall SVR12 rates of only 30%, but extending the treatment by 4-16 weeks doubled SVR12 rates to 62%. Even more striking was the impact of fibrosis stage on SVR12 results. For patients in the 12-week arm, SVR12 rates were 37% for noncirrhotic patients and only 19% in cirrhotic patients. Extending the treatment to 16 weeks improved SVR12 rates to 63% in noncirrhotics and 61% in cirrhotics. However, these results are still suboptimal compared to PR, especially considering the high cost of DAAs. Extending treatment beyond 16-24 weeks was examined in the VALENCE study, which enrolled HCV-3 treatment-experienced patients with and without cirrhosis. 39 In this study, SVR12 rates were reasonable in treatmentexperienced patients without cirrhosis (87%) but failed to improve SVR12 rates in treatment-experienced cirrhotics, where SVR12 rates were still only 62%, and similar SVR12 was observed after 16 weeks in the FUSION study (61%). 40 This clearly identified HCV-3 treatment-experienced cirrhotic patients as the new hard-to-treat population that require better IFN-free regimens.
Sofosbuvir + daclatasvir
This IFN-free DAA combination is now approved in Europe and undergoing regulatory review in the US for the treatment of HCV-3. This regimen has been examined in ALLY-3, a Phase III study of SOF + DCV in treatmentnaïve and treatment-experienced patients with and without cirrhosis. 41 Treatment-naïve patients with HCv-3 with and without cirrhosis: SvR12 =58%-97%
In ALLY-3, treatment-naïve patients received 12 weeks of SOF + DCV. 41 The treatment cohort included 19% with Treatment-experienced patients with HCv-3 with and without cirrhosis: SvR12 =69%-94%
The ALLY-3 study also enrolled treatment-experienced patients, including patients who failed SOF + PR, SOF + RBV, or the host targeting DAA, alisporivir. 41 The overall SVR12 was similar to the treatment-naïve population at 86%, but again a significantly lower SVR12 was observed in patients with cirrhosis (69%) compared to patients without cirrhosis (94%). This combination also highlights the HCV-3 cirrhotic population as a difficult-to-cure group.
Sofosbuvir + ledipasvir ± RBv SOF + LDV has been examined in treatment-naïve and treatment-experienced patients with HCV-3 in the ELECTRON-2 42, 43 study, including patients with cirrhosis.
Treatment-naïve patients with HCv-3 with and without cirrhosis: SvR12 =64%-100%
Treatment-naïve patients, including cirrhotic patients (15%), were randomized to receive either SOF + LDV ± RBV for 12 weeks.
42 SVR12 rates were superior with the addition of RBV (64% for SOF + LDV vs 100% SOF + LDV + RBV), highlighting the importance of RBV in this regimen.
Treatment-experienced patients with HCv-3 with and without cirrhosis: SvR12 =73%-89%
The combination of SOF + LDV + RBV for 12 weeks was also examined in treatment-experienced patients, 44% with compensated cirrhosis. 43 The SVR12 was 82% overall: 89% in noncirrhotics and 73% in patients with compensated cirrhosis, improving on previous IFN-free combination, highlighting a significant void in the management of these patients with IFN-free regimens. Table 5 summarizes the Phase II/III IFN-free trials in HCV genotype 2 (HCV-2) patients. HCV-2 is increasingly being recognized as the easier to treat HCV genotype with both IFN-containing and IFN-free regimens. The majority of the first-generation PIs lack efficacy in HCV-2, but the NIs and NS5A inhibitors are active against HCV-2 and have the largest body of supporting evidence regarding their utility in HCV-2. The currently approved regimens and Phase II/III data will be reviewed.
HCV genotype 2: approved interferon-free combinations
Sofosbuvir + RBv
The FISSION, 38 POSITRON, 40 FUSION, 40 and VALENCE 39 Phase III studies examined the use of SOF + RBV in HCV-2 treatment-naïve and treatment-experienced patients. This combination is highly effective for patients with HCV-2 and is recommended as first-line therapy in the European and American HCV treatment guidelines.
Treatment-naïve patients with HCv-2 with and without cirrhosis: SvR12 =97%-100% FISSION 38 compared SOF + RBV for 12 weeks to PR therapy for 24 weeks in 70 patients with HCV-2, including 20% with compensated cirrhosis. SVR12 rates were very high (97%) and superior to PR therapy (78%). There was no significant difference in SVR12 when stratified according to fibrosis stage. VALENCE 39 compared the efficacy SOF + RBV for 12 compared in patients with HCV-2. Treatment-naïve patients achieved an SVR12 of 97%. Only two patients with HCV-2 with cirrhosis were enrolled, and hence no meaningful comparison can be made between patients with and without cirrhosis. The safety profile was very similar to that observed in HCV-1 patients.
Treatment-experienced patients with HCv-2 with and without cirrhosis: SvR =68%-100% SOF + RBV was examined in FUSION 40 and VALENCE. 39 FUSION 40 compared SOF + RBV for 12 weeks or 16 weeks in patients with HCV-2. Cirrhotics were included (34%) and 25% of the population were prior null responders. Overall SVR12 rates were lower in patients randomized to 12 weeks (86%) compared to 16 weeks (94%). Most notably, the lowest SVR12 rates were observed in cirrhotic patients in the 12-week arm (SVR12 60% vs 96% for cirrhotic and noncirrhotic patients in the 12-week arms, and 78% vs 100% for cirrhotic and noncirrhotic patients in 16-week arms, respectively). A similar pattern of lower response in HCV-2 cirrhotic treatment-experienced patients was also borne out in the VALENCE study, where the SVR12 rates were 78% in treatment-experienced patients with HCV-2 with cirrhosis and 94% in treatment-experienced patients with HCV-2 without cirrhosis after 12 weeks of SOF + RBV. 39 These data suggest that HCV-2 treatment experienced patients with cirrhosis may benefit from extended therapy to 16 weeks. The combination of SOF + DCV has been approved in Europe for the treatment of HCV-2 based on limited Phase II/III data. In a small Phase II study of HCV genotype 2/3 treatmentnaïve patients, including 18 patients with HCV-2, only two of the 18 patients did not achieve SVR12: the first patient was lost to follow-up at treatment week 18, and the second patient failed to attend the week 12 posttreatment visit, but subsequent HCV RNA testing at 24 weeks posttherapy was negative. 20 This study did not include treatment-experienced patients with HCV-2, but did allow patients with compensated cirrhosis to be enrolled. In a small Phase III study of treatment-experienced HCV-1-4 patients with advanced cirrhosis, the SVR12 rate in patients with HCV-2 that were included in the study was 80% (4/5). 
Interferon-free combinations for HCV genotypes 4-6
HCV genotypes (HCV-4-6) represent a smaller proportion of the global burden of HCV infection accounting for only 15% of HCV infections worldwide, 45 and as such there are a limited number of studies investigating IFN-free therapies in the context of these genotypes. Table 6 summarizes the IFN-free combination for HCV-4-6.
33,34,43,46-52 While caution must be exercised in interpreting these small studies, they provide promising regimens for future therapies.
Promising regimens in Phase II clinical development
Promising new DAAs, both in combination with approved DAAs and other newer DAAs, as well as combinations of DAAs from different regimens are currently in or have completed Phase II development.
Sofosbuvir + multiple DAA combinations for HCv-1: short-duration therapy
The main drawback of the new DAAs is their significant cost. This had led to the investigation of combinations of highly potent DAAs from different regimens combined together to determine if therapy could be shortened beyond 12 weeks.
SYNERGY: SOF + LDv ± GS-9669 or GS-9451
In this proof-of-concept study, SOF + LDV for 12 weeks was compared to SOF + LDV plus either GS-9669 (a NNI) for 6 weeks or GS-9451 (a NS3/4A PI) for 6 weeks. 53 This study enrolled treatment-naïve patients with HCV-1, including patients with F3-4 fibrosis (25%). SVR12 rates were 100% for the SOF + LDV arm, 95% for the SOF + LDV + GS-9669 arm, and 100% for the SOF + LDV + GS-9451 arm. This study provided proof-of-concept that in treatment-naïve patients, therapy can be safely shortened to 6 weeks with combinations of highly potent DAAs. 
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interferon-free combination therapies for the treatment of hepatitis C C-SwiFT: GZv + ELv + SOF This study also investigated ultra short treatment durations using a multi-DAA combination approach. 54 Treatment-naïve patients without cirrhosis were randomized to receive GZV + ELV + SOF for only 4 weeks or 6 weeks, and treatment-naïve cirrhotics received 6 weeks or 8 weeks of GZV + ELV + SOF. SVR12 rates were disappointing for the 4-and 6-week arms (33% and 80%-87% for the 4-and 6-week arms, respectively); however, the 8-week arm demonstrated high efficacy (94%), suggesting that 8 weeks of therapy is likely to be sufficient with this combination.
ACH-3102 + sofosbuvir
The Phase II PROXY study investigated the next-generation NS5A inhibitor ACH-3102 + SOF in HCV-1 treatment-naïve noncirrhotic patients for either 6 weeks or 8 weeks. SVR12 rates were 100% in both treatment arms, providing proof that 6 weeks therapy is achievable with highly potent DAA combinations. 55 
Promising pangenotypic regimen: sofosbuvir + GS-5816
The next-generation NS5A inhibitor GS-5816 has picomolar antiviral activity against all HCV genotypes and has now been examined in small Phase II studies combined with SOF ± RBV in patients with HCV-1-6, with the best results for HCV-3 treatment-experienced patients with cirrhosis to date (Tables 2-6) . 49, [56] [57] [58] SVR12 rates were between 96% and 100% for treatment-naïve and treatment-experienced patients with HCV-1 who received 12 weeks of SOF + GS-5816 100 mg ± RBV, including patients with cirrhosis and prior PI failure. 49, 57, 58 In patients with HCV-3, SVR12 rates were 96%-100% in treatment-naïve patients, 88%-100% in treatment-experienced patients, and 88%-96% in treatment experienced patients with cirrhosis.
57,58 SVR12 rates in HCV-2, 4-6 were also very high (91%-100%). 49 In addition, GS-5816 has been shown to have in vitro activity against RAVs selected with the first-generation NS5A inhibitors. As observed with most of the DAA combination regimens, this treatment was very well tolerated, and the most common reported AEs were fatigue, headache, nausea, and diarrhea. This safe pangenotypic 12-week regimen of SOF + GS-5816 with RBV shows significant promise for the difficult to treat populations, including patients with compensated cirrhosis, prior PI failure, and importantly in HCV-3 treatmentexperienced patients with cirrhosis, where current approved IFN-free regimens are suboptimal. This regimen has moved forward into Phase III studies.
Future iFN-free DAA combinations for HCv-3
Both MK-3682 (NI) and MK-8408 (NS5A inhibitor) show promise in HCV-3. Preclinical and early Phase I/IIa studies have shown the MK-3682 (formerly IDX21437) has a favorable safety profile and picomolar potency against HCV-1-6. 59 MK-8408 also has a favorable safety profile and has picomolar potency for all HCV genotypes. 60 These two DAAs are now being testing in combination with GZV (NS3/4A PI) in Phase II clinical trials for HCV-1-4.
Special populations HCV/human immunodeficiency virus coinfection
During PR dual therapy, HCV/human immunodeficiency virus (HIV) coinfection represented a more difficult to treat patient population with lower SVR rates compared to HCV monoinfected patients. There are now a growing body of data that show that the efficacy of IFN-free combinations in patients with HCV/HIV is identical to HCV monoinfected patients. 61 The only consideration in HCV/HIV coinfection is DDIs, particularly with the HCV PIs, which are recognized to have clinically significant DDIs with antiretrovirals, necessitating a change to HIV therapy prior to initiation of HCV PIs.
Decompensated cirrhosis and postliver transplant
All the Phases I-III programs evaluated IFN-free combinations in patients with compensated cirrhosis. HCV recurrence postliver transplant is universal in viremic patients and is often associated with a more aggressive disease phenotype, with a more rapid onset of fibrosis progressing to cirrhosis, reduced graft survival, and higher patient mortality. Hence, prevention of HCV recurrence in the graft is a key goal in patients considered for liver transplantation. Early studies have shown that antiviral therapy 30 days prior to transplantation significantly reduces the risk of HCV recurrence postliver transplantation. 62 HCV eradication has also been associated with improved all-cause mortality, and reduced liver-related morbidity, and mortality. 4, 63 "Real-world" data are emerging regarding the use of DAAs in decompensated liver disease. 44, 64, 65 The newer PIs are not recommended in patients with decompensated liver disease. Additionally, SOF is associated with a two-fold increase in its exposure to noncirrhotics compared to patients with cirrhosis, which may have implications on treatment duration. Many of these studies have shown a significant improvement in disease severity scores in many patients (eg, Child-Pugh Turcotte or Model for End-stage Liver Disease scores); however, some patients continue to show progressive liver failure, despite successful viral eradication. 66 Further data are required to determine optimal timing of antiviral therapy in decompensated cirrhotics, where treatment is likely to be of significant benefit. Careful attention to potential DDIs in the setting of immunosuppression posttransplantation must be exercised when administering IFN-free therapies.
HCv in patients with renal failure
There is a high prevalence of HCV infection among patients with end-stage renal failure. PR therapy has been difficult in this population for a number of reasons. First, RBV is renally excreted and is not dialyzable. RBV is well known to cause hemolytic anemia, which may be more significant in patients with anemia from their end-stage kidney disease and due to a higher prevalence of comorbidities such as cardiac disease that may complicate management. Furthermore, pegylatedinterferon therapy is contraindicated postrenal transplant due to the high risk of graft rejection.
SOF, one of the main backbones of the current IFN-free combinations, is renally excreted to a large extent and toxic metabolites accumulate in the setting of chronic kidney disease. Hence, this is not recommended in patients with end-stage kidney disease. PTV/r + OBV + DSV and GZV + ELV are not renally cleared, and Phase III studies are currently underway examining the safety and efficacy of these regimens in patients with stage 4/5 chronic kidney disease. Early interim analyses show these regimens are not only highly effective (100% SVR4 in ten patients treated with the PTV-based regimen, 67 and SVR12 99% in the 116 patients who were treated with GZV + ELV 68 ), but also well tolerated.
Resistance to direct-acting antiviral agents
There is a high degree of genetic variability in HCV, which results from a high viral replication rate (10 12 virions per day), 69 and a lack of a proof-reading mechanism by the errorprone RNA-dependent RNA polymerase. 70, 71 The error rate is equivalent to one mutation for every replicated genome. Therefore, it is possible that every genetic variant may be present within the HCV pool, and so HCV is said to exist as a quasispecies. This is an important consideration as mutations may confer resistance to DAAs and be selected during antiviral therapy as demonstrated by the rapid selection of these RAVs during monotherapy with a single DAA. 72 The majority of RAVs have a replication fitness that is lower than wildtype virus in the absence of drug selection pressure; hence these variants are present in the quasispecies in only a small proportion of patients. The selection of antiviral resistance can be prevented by combination of multiple agents that target different steps in the viral lifecycle. However, treatment failure due to virological breakthrough or relapse in association with the selection of RAVs, is an issue for a minority of patients. Recent data suggests that NS5A variants in particular, frequently present at baseline, are associated with reduced likelihood of SVR in patients with HCV-1a who receive treatment with a regimen including an NS5A inhibitor.
Clinical relevance of baseline (pretreatment) RAvs
RAVs can develop against any of the targets of DAAs, which may render those DAAs ineffective. Therefore, RAVs already present in pretreatment HCV quasispecies may impact upon subsequent treatment efficacy, especially if the replication fitness of the RAV is not significantly impaired. The fitness of the RAV, the degree to which the RAV is resistant to the DAA (fold-change in susceptibility), and the HCV genotype and subtype also need to be considered. For example, the main RAV associated with the NI SOF (the S282T RAV) is extremely unfit and has not been detected in the HCV quasispecies of any patients prior to commencing therapy.
Baseline NS3/4A RAvs
Baseline NS3/4A RAVs significantly impact upon treatment efficacy with some NS3/4A PIs. These RAVs are more common in patients with HCV-1a due to the low genetic barrier to resistance. In particular, the Q80K/R polymorphism significantly reduces the efficacy of SMV. The frequency of this amino acid substitution, seen exclusively in patients with HCV-1a, varies globally but is as high as 40% in some regions. Given the significant impact these polymorphisms have on SVR, pretreatment screening is recommended, where the Q80K/R polymorphism prevalence is high, and if present SMV-based regimens may not be recommended. This polymorphism does not exert a whole class effect, and other next-generation PIs are active against this RAV. In the context of regimens, including the next-generation NS3/4A PIs, baseline NS3/4A RAVs do not affect SVR12. 33, 34, 73, 74 Baseline NS5A RAvs
The importance of baseline NS5A RAVs is being increasingly recognized. In a pooled post hoc analysis of the Phase III 
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interferon-free combination therapies for the treatment of hepatitis C SOF + LDV program, the presence of baseline NS5A RAVs in patients with HCV-1a was associated with significantly lower SVR12 rates, particularly in treatment-experienced patients with baseline NS5A RAVs that conferred a .100-fold resistance to LDV, where the SVR12 rate was only 67% compared to 9%-100% in patients with HCV-1a without baseline NS5A RAVs or with NS5A RAVS that conferred a ,100-fold resistance to LDV. 76 The presence of baseline NS5A RAVs in patients with HCV-1b did not affect SVR12. In a similar analysis of the Phase III program for GZV + ELV, baseline NS5A RAVs in patients with HCV-1a negatively impacted upon SVR. 33, 34 In treatment-naïve patients, the SVR12 rate in patients harboring a NS5A variant that conferred .5-fold change in ELV susceptibility was only 52%, compared to 99%-100% in those without baseline NS5A RAVs or a NS5A RAV resulting in ,5-fold reduction in susceptibility to ELV. 33 In treatment-experienced patients, the impact of baseline NS5A RAVs with a .5-fold reduction in susceptibility to ELV was even more pronounced, with an SVR of only 22%. 34 These data highlight the differences in RAVs between HCV-1a and HCV-1b, and the significant impact that these NS5A RAVs have on SVR rates in regimens including an NS5A inhibitor. Owing to the very high overall SVR rates with these regimens (.90%) and the low frequency of these baseline NS5A RAVs (12%-18%), testing for these RAVs is not currently recommended in treatment-naïve patients.
Clinical relevance of treatmentemergent variants
The development of resistance has become a major concern in the era of HCV DAA therapy, and the long-term consequence of these treatment-emergent variants (TEVs) is still to be defined. The most data exist for the first-generation NS3/4A TEVs, which disappear and revert to wild-type following withdrawal of therapy. 76, 77 The majority of patients reverted to wild-type within 3 years, and the median time to undetectable NS3/4A TEVs was 1.11 years. 77 The newer generation PIs have activity against telaprevir/boceprevir-associated TEVs, and retreatment of these patients with alternative regimens has been successful (Table 3) . 21, 34 The impact of NS3/4A TEVs from second-generation PIs remains to be determined; however, these patients have the option to access IFN-free regimens that do not include PIs.
In contrast, data are emerging that the NS5A TEVs can persist 96 weeks posttherapy, 74, 76, 78 which has implications for retreatment strategies. This has recently been demonstrated in patients who were retreated with SOF + LDV for 24 weeks after previously failing 8-12 weeks of SOF + LDV. 79 Of the 41 patients in this cohort, eleven patients did not have detectable NS5A RAVs upon entering the retreatment study. All eleven patients previously received 8 weeks of SOF + LDV, and all eleven patients achieved SVR12 by retreatment with 24 weeks of the same regimen. In the remaining 30 patients with NS5A TEVs following the previous SOF + LDV 8-12-week course, the SVR rate was significantly lower: SVR12 was 80% in patients with NS5A TEV previously receiving 8 weeks and only 46% in patients with NS5A TEV who received 12 weeks of SOF + LDV, suggesting that the longer the treatment duration, the more likely the development of clinically significant NS5A TEVs. The number of NS5A TEVs present and the type of NS5A TEVs were also associated with SVR, with lower SVR12 rates in patients with $2 NS5A TEVs and with the Y93H/N TEV. These emerging data indicate that NS5A TEVs have a drastic impact upon the success of retreatment with regimens, including NS5A inhibitors, thereby significantly limiting retreatment options. Hence, NS5A RAV/TEV testing may be warranted in these patients.
Other predictors of response to IFN-free therapy
With the very high SVR12 rates of these IFN-free DAA regimens, there are too few patients to be able to perform meaningful subanalyses to inform predictors of treatment response. Unlike with PR therapy, on treatment viral kinetics or time to on-treatment viral suppression does not predict subsequent SVR12 during IFN-free therapies. Baseline NS5A RAVs are increasingly being recognized as an important negative predictor of SVR12, particularly in patients with HCV-1a.
Conclusion
The rapid development of IFN-free DAA combinations has vastly changed the HCV treatment landscape. The dream of highly effective oral therapy with minimal side effects is now a reality. These IFN-free and often RBV-free regimens have significantly improved SVR12 rates to .90% for most genotypes and most patients, with very short duration of therapy (8-12 weeks) and importantly with significantly improved tolerability, particularly in high-risk populations. This will allow therapy to be available to patients who have previously been ineligible for therapy either due to intolerance or contraindications to prior therapies. However, the cost of these DAAs is significant and will place a large burden on health care expenditure and infrastructure. This has spurred the development of ultra-short regimens (4 weeks of therapy), which are currently under clinical evaluation; however, the long-term impact of TEVs has yet to be determined, and this is a key consideration when designing and approving future DAA regimens. Patient adherence will also need to be addressed.
Funding
JAH received GESA postgraduate scholarship and research/ grant support from Roche and Merck; AJT was the coinventor of a patent related to the IFNL3/IL28B discovery and received research/grant support from Merck, Roche, Gilead Sciences, consulting advisory fees from Merck, Roche, Janssen, Bristol-Myers Squibb, GlaxoSmithKline, Novartis, and Springbank, and speaker fees from Merck, Roche, Gilead Sciences, Bristol-Myers Squibb, and Janssen.
